A method based on mathematical programming is proposed for large deformation and contact analysis of cable networks. By explicitly considering these nonsmooth behaviors, we formulate the linear complementarity problems over symmetric cones under some practically acceptable assumptions. We also present the equivalent second-order cone programming (SOCP) problems, which can be regarded as the minimization problem of total potential energy and complementary energy with the subsidiary constraints on the displacements and contact forces, respectively. By solving the presented SOCP problems by using the primal-dual interior-point method, the equilibrium configurations and internal forces of several cable networks are obtained without any assumptions on stress states and contact conditions.
Let R n + ⊂ R n and L n + ⊂ R n denote the nonnegative orthant and the second-order cone (or the Lorentz cone) [7] , respectively, which are defined as R n + = {x = (x 1 , . . . , x n ) ∈ R n | x i ≥ 0 (i = 1, . . . , n)},
Let K ⊂ R n denote a convex cone. K * ⊂ R n denotes the dual cone of K defined by K * = {s ∈ R n | x s ≥ 0 (∀x ∈ K)}. The following pair of problems is known to be a primal-dual pair of conic linear programming (cone LP) problems [7] : where A ∈ R m×n , b ∈ R m , and c ∈ R n are constants, and x ∈ R n and y ∈ R m are variables. In this paper, we deal with the special class of cone LP problems; i.e., suppose that K ⊂ R n is written as (2.4) which are classified as the SOCP problems [2] . Since R n + = (L + ) n , SOCP includes the linear programming (LP) problem as a special case. SOCP has received increasing attention for its wide fields of application [7, 17, 24, 37] . The primal-dual interior-point methods, which were developed for LP [21] at first, have been naturally extended to SOCP [2, 30, 40] . It is theoretically guaranteed that the primal-dual interior-point method converges to the global optimal solution of (P) and (D) within the number of arithmetic operations bounded by a polynomial of m and n.
We make the following assumptions: 1. (2.3) and (2.4) have interior feasible solutions; 2. rows of the matrix (A 1 , . . . , A n ) ∈ R m×n are linearly independent.
Under the first assumption, it is known that (2.3) and (2.4) have optimal solutions which have the same optimal value, and that solving (2.3) and (2.4) is equivalent to finding the following x = (x 1 , . . . , x k ), y and s = (s 1 , . . . , s k ) [7, 40] : 
(1) 
Complementarity conditions for frictionless cable networks.
Consider a cable network in three-dimensional space. A physically continuous cable connecting a support and a pin-joint or two pin-joints is simply referred to as a cable. A cable is divided into several members by frictionless joints, which can move freely along the cable.
Let n m and n c denote the numbers of members and cables, respectively. x ∈ R n d denotes the vector of coordinates of internal nodes at the deformed state, where n d is the number of degrees of freedom of displacements. Let h i ∈ R 3 denote the vector that has the same length and direction as those of the ith member at the deformed state. Then h i is written as
where h i coincides with the member length at the deformed state.
is a constant matrix determined only by the connectivity of nodes and the ith member, each element of which is either {−1, 0, 1}. d i ∈ R 3 is a constant vector that consists of the specified coordinates of support if the ith member is connected to the support; otherwise d i = 0. Consider a simple example of a cable network illustrated in Figure 1 , which consists of four cables indicated as j = 1, . . . , 4. These cables are connected by frictionless joints (1)-(4), whereas nodes (5)- (12) are fixed supports. Hence, we see n c = 4, n m = 12, and n d = 12. The subset I j of {1, 2, . . . , n m } is defined for each j = 1, . . . , n c such that the ith member satisfying i ∈ I j belongs to the jth cable, where
For example, in the case of the cable network illustrated in Figure 1 , the cable j = 1 is divided into members i = 1, 2, 3; i.e., we have I 1 = {1, 2, 3}, I 2 = {4, 5, 6}, I 3 = {7, 8, 9}, and I 4 = {10, 11, 12}. Letting 0 j and c j denote the specified initial unstressed length and the elongation at the deformed state of the jth cable, respectively, we see that
which is regarded as the geometrically exact compatibility condition. Assume that the strain energy w j and the axial force q j of the jth cable are written as
where k j > 0 denotes the specified extensional stiffness. Notice here that the constitutive law (2.8) represents the nonsmooth behavior due to slackening of cables. The relation between the member deformation h i ∈ R 3 and the internal force v i ∈ R 3 of the ith member is written as
If h i = 0, then (2.9) is reduced to (2.10) which implies that h i and v i must share a common direction.
For each j = 1, . . . , n c , consider the conditions
which can be regarded as the linear complementarity conditions over second-order cones L 4 + (see, e.g., [13] ). The following lemma implies that (2.8) and (2.9) can be reformulated into (2.11).
Lemma 2.1. For each j = 1, . . . , n c , a set of h i , c j , y j , q j , and v i (i ∈ I j ) satisfies (2.7)-(2.9) and
if and only if (2.7) and (2.11) are satisfied.
Proof. See section 6. Notice here that the nonsmooth property due to slackening of cable as well as the compatibility conditions can be expressed via the complementarity conditions (2.11). In (2.11), we see that the compatibility conditions y j + 0 j = i∈Ij h i and the relations q j = v i (i ∈ I j ) are relaxed into inequalities. Moreover, (2.11) lacks the relation (2.9) between h i and v i . Lemma 2.1 implies that all these conditions are satisfied at a solution of (2.7) and (2.11). See [18] for detailed discussions of this issue for pin-jointed cable networks without frictionless joints.
Let L f denote the set of all indices for both frictionless joints and pin-joints. In accordance with the notation used in the following sections, we put here L f = {1, 2, . . . , n n }, where n n denotes the number of unconstrained nodes. For example, in Figure 1 , we have n n = 4 and L f = {1, 2, 3, 4}. The coordinates of the lth node x l ∈ R 3 can be rewritten as
is a constant matrix determined only by the indices of freedom of displacements of the lth node, and each element of C l is either {0, 1}. We specify the vector of external loads f l ∈ R 3 applied at the lth node. The equilibrium equations allowing the finite deformations are written as
The equilibrium configuration and internal forces can be obtained by solving the system of (2.6)-(2.9) and (2.14). Suppose that a set of x, h i , y j , q j , and v i satisfies the system of (2.6), (2.11), and (2.14). Then c j is obtained from (2.7). Lemma 2.1 implies that the obtained set of x, h i , c j , q j , and v i solves the system (2.6)-(2.9) and (2.14). The relation between y j and c j is given by (2.12). Thus, in order to obtain the equilibrium configurations and internal forces of cable networks, we can solve the second-order cone complementarity problem (2.6), (2.11), and (2.14) instead of the system of (2.6)-(2.9) and (2.14).
3. Two-body contact problem of cable networks. In this section, suppose that some members of the cable network may possibly make contact with each other. Let N m = {1, 2, . . . , n m }. We define contact candidates as
each of which is a pair of the indices i Recalling that n n denotes the number of unconstrained nodes, we see
, and N n are not necessarily taken as sets of successive sequence of natural numbers; e.g., we may take L f = {1, 3}, L c = {2, 5}, and N n = {1, 2, 3, 5} without any mismatching.
In a manner similar to (2.13), the coordinates of auxiliary nodes can be written as 
Define the vector g l ∈ R 3 (l ∈ L c ) by which can be rewritten as g l = A l x, where a constant matrix A l ∈ R 3×n d is defined by
The relations among x U l , x D l , ξ l , and g l are illustrated in Figure 2 . In the conventional approach to two-body contact problems [22] , we define the gap vector by using the closest points of two bodies. Notice here that g l coincides with the usual gap vector only if we take T l such that g l is normal to both the i U l th and i D l th members. Since T l satisfying these conditions depends on the deformation of the cable network, it is difficult to estimate such T l a priori for the case of large deformation. Therefore, we assume the following quite weak condition on T l . Assumption 3.1. Suppose that the cable network attains the equilibrium state, which is referred to as the actual equilibrium state. For each l ∈ L c , a system of coordinates ξ l is defined. We assume that there exist the points ξ 
at the actual equilibrium state.
In other words, we assume that the orthogonal projections of the two members onto the ξ l1 ξ l2 -plane at the actual equilibrium state have a nonempty intersection. We assign the inverse images of the intersection which exist on the i Defining the cone G ⊂ R 3 by Hence, if g l3 > 0 and τ l = 0, then these frictionless nodes move on the members, which implies that this situation does not correspond to an equilibrium state. Therefore, the equilibrium equations guarantee that τ l = 0 is satisfied at an equilibrium state automatically if g l3 > 0. Consequently, the contact conditions can be written as the following complementarity conditions:
. . , n m ) denote the internal force vector of the ith member. The equilibrium equations allowing the finite deformations are written as
It follows from Lemma 2.1, (3.5), and (3.6) that the equilibrium configuration of a cable network can be obtained as a solution to the following second-order cone complementarity problem (3.7)-(3.10): (3.10) where the relation between y j and the actual elongation c j of the jth cable is given by (2.12). The relation between h i and x is given by (2.6). Notice here that both G and G * can be represented as second-order cones, i.e., L 1 + , which verifies that (3.7)-(3.10) can be embedded into (2.5). We can show that the system (3.7)-(3.10) can be embedded into (2.5) and coincides with the Karush-Kuhn-Tucker (KKT) conditions [36, Theorem 4 .2] of the following primal-dual pair of SOCP problems:
Hence, we can obtain the equilibrium configuration and the internal forces, respectively, of the cable network by solving the SOCP problems (3.11) and (3.12). It follows from Lemma 2.1 that h i and v i share a common direction as investigated in (2.10).
The authors have shown that φ * in (3.12) is the complementary energy function for cable network in geometrical nonlinear theory [18] . In (3.12), we minimize φ * over the equilibrium equations, and an optimal solution coincides with a set of internal forces and contact forces at the equilibrium state; i.e., (3.12) is the minimization problem of complementary energy with contact conditions only in terms of stress components, although it allows finite deformation.
Notice again that we can choose any matrix T l satisfying Assumption 3.1, because the solution to (3.7)-(3.10) does not depend on
, and x * solve the complementarity problem (3.7)-(3.10) for an appropriately defined T l . Suppose that we replace T l with T l satisfying Assumption 3.1. Then A l in (3.9) and (3.10) is replaced with
, and x * satisfy (3.9) and (3.10). Thus, x * remains to be a solution of (3.7)-(3.10). The contact forces T l τ l (l ∈ L c ) in the global coordinate system are also independent of the choice T l , because we have T l τ * l = (T l ) τ l . 4. Unilateral contact problem with rigid convex obstacles. In this section, we consider a class of frictionless unilateral contact problem, or Signorini's problem [20] , where the rigid obstacle is modeled as the union of some convex polyhedra. Suppose that there exist some rigid obstacles H p (p ∈ P), each of which is a convex polyhedron fixed in three-dimensional space, and that P denotes the set of indices of H p . π q denotes a plane which contains a surface of a polyhedron and is defined as
Here, a q ∈ R 3 is a constant unit outer normal vector along a surface of
is a constant location vector on π q , and Q is a set of indices of π q . By using the appropriate subset Q p of Q, we can give the expression of H p as without redundancy. An example is illustrated in Figure 4 , where P = {1, 2, 3},
, and Q = {1, . . . , 9}. Although we consider the polyhedra H p (p ∈ P) in three-dimensional space, Figure 4 illustrates only the cross sections of H p so that a plane π q is reduced to a line. Let H = p∈P H p . The admissible region X ad ⊂ R 3 of the location vector of any point on the cable network is given by
Although H p is convex, X ad is not convex in general. The equilibrium configuration can be obtained by directly incorporating the constraints into the minimization problem of total potential energy such that all the points on the cable network should exist in X ad . However, this problem is not tractable, since it is a nonconvex problem, not to mention the fact that it requires infinite number of constraints. As a conventional approach to contact problems [20] , we may assign some contact candidates, each of which is a pair of the node of the cable network and the particle of the surface of H. To verify that the cable network contacts H only at these candidates, we must solve complementarity problems successively with respect to infinitesimal displacements with a large number of candidates. This is the major difficulty of contact problems, and it motivates us to formulate an SOCP problem such that the optimal solution coincides with the equilibrium configuration under some weak assumptions.
Let F q and E j denote the faces and edges, respectively, of the polyhedra H p (p ∈ P). J denotes the set of indices of E j . By using the appropriate Q E j ⊆ Q p satisfying |Q E j | ≥ 2, we can write
Recall the example in Figure 4 , where the cross sections of edges E j are illustrated as the points. For the edges E 1 , E 2 , and E 3 of H 1 , we have Q 
For each l ∈ L aux , the first and second elements of ζ aux l denote the indices of a member and an edge, respectively, where the i l th member may contact H at the edge E j l at the equilibrium state. Then we set an auxiliary node x l ∈ R 3 on the i l th member, which is regarded as a frictionless joint. Note that these nodes are added to the list of unconstrained nodes. For each l ∈ L org , q l is defined as an index of a face, where the original node x l may contact H on the face F q l . L aux and L org , respectively, denote the sets of indices of ζ 
where
for l ∈ L org . We assume that the cable network may contact H only at the contact candidates l ∈ L aux ∪L org . Moreover, these contact candidates should be chosen to satisfy the following assumption.
Assumption 4.1. Define the actual equilibrium configuration as the equilibrium configuration of the cable network, with the subsidiary conditions such that any point on the cables should exist in X ad . We assume that the actual equilibrium configuration satisfies the following assumptions:
satisfies that the i l th member and X l have a nonempty intersection.
Let e j ∈ R 3 denote a position vector on the edge E j (j ∈ J ) or on the face F q (q ∈ Q). Define the vector g l ∈ R 3 as
where x l is related to x by (2.13). Then conditions (i) and (ii) in Assumption 4.1 are
aux , g l defined by (4.5) is different from the conventional gap vector in contact mechanics. Let p 0 l ∈ R 3 denote the coordinate of the lth node, which is not a frictionless joint but a pin-joint, on the lth member at the undeformed state. For l ∈ L aux , the conventional gap vector is defined as the unique vector g l := p 0 l − e l , where p l may contact the obstacle at the point e l . Thus, we must specify the position vector e l on the obstacle. However, it is difficult to estimate such e l and p 0 l a priori if we allow the large deformation in the formulations. On the other hand, g l (l ∈ L aux ) in (4.5) is defined with respect to the nodal coordinates at the deformed state and an arbitrary position vector e l on the edge. Hence, we have to estimate neither e l nor p 0 l . Moreover, by introducing g l along with the concept of frictionless auxiliary joints, we can formulate the contact conditions allowing large deformations in the linear complementarity conditions over convex cones.
On the contrary, for l ∈ L org , we have to estimate the face F l corresponding to the lth node, which is the same task as that required in conventional formulation.
Since we use g l defined by (4.5) instead of the conventional gap vector, it is not clear what kind of constraints should be included in the minimization problem of 
, it is rather easy to look for appropriate ζ aux l ; i.e., if we know the face F q l satisfying x l ∈ X l for each x l (l ∈ L org ), we can easily conjecture whether the i th member has a nonempty intersection with X j or not. If the conjecture has a positive answer, we should add a candidate ζ aux l = (i , j ). Consequently, Assumption 4.1 is practically acceptable, even for very complicated obstacles and/or cable networks, if we can estimate the correct ζ org l = (l, q l ). For example, consider the ith member and the obstacle H, as illustrated in Figure 5 , where undeformed cable and only the cross section of the obstacle are illustrated in Figure 5 (a). Figure 5(b) illustrates the equilibrium configuration under the existence of external forces. x 1 and x 2 are the original nodes, i.e., L f = {1, 2}. The surface of H consists of the planes π 1 , . . . , π 8 . The edges E 1 , . . . , E 7 are defined by Q E j = {j, j + 1} (j = 1, . . . , 7); i.e., E j is the intersection of π j and π j+1 . We may regard all of the original nodes as the contact candidates, i.e., L org = L f . Suppose that we guess that
are satisfied at the actual equilibrium state; i.e., q 1 = 3 and q 2 = 7 in accordance with Assumption 4.1. From this, we can see that the ith member may possibly contact H only at E 3 , . . . , E 6 . Hence, we should consider more candidates x 3 , . . . , x 6 , i.e., L aux = {3, 4, 5, 6} and ζ aux l = (i, j) (j = 3, . . . , 6). Here, the definitions of X 1 and X 6 are illustrated in Figure 6 . If (4.6) holds at the actual equilibrium state, it is easy to see that the actual equilibrium configuration satisfies condition (ii) in Assumption 4.1; i.e., the ith member has a nonempty intersection with each of X 3 , . . . , X 6 . Hence, in this example, we only have to find appropriate q 1 and q 2 .
Let τ l ∈ R 3 (l ∈ L c ) denote the vector of contact forces at x l . The equilibrium equations are written as Notice here that we do not consider the original nonpenetration constraints such that any point on the cable network should exist in X ad in what follows. Moreover, for l ∈ L aux , the definition of X l does not coincide with the conventional admissible region of the position vector of contact candidate node. Therefore, it is not clear at present whether the original nonpenetration conditions can be expressed by using some conditions in terms of the kinematic and static variables of auxiliary nodes.
Since the i l th member may contact the edge E j l without friction, τ l ∈ G * l is satisfied, where the dual cone G * l of G l is obtained as
For l ∈ L aux , the i l th member may contact H at the edge E j l , and the contact force τ l should be expressed as the nonnegative linear combination of a q 's, each of which is normal to the plane π q that includes E j l . On the contrary, for l ∈ L org , the original node x l may contact the face F q l , and the contact force τ l should be in the direction of the outer normal vector of F q l .
Recall that x l (l ∈ L aux ) is regarded as the frictionless joint. If the i l th member does not contact the edge E j l at the actual equilibrium state, then x l satisfies the equilibrium conditions at any point on the i l th member. Assumption 4.1 guarantees the existence of a point in the intersection of X l and the i l th member at the actual equilibrium state. On the other hand, if the i l th member contacts E j l at the actual equilibrium state, then the intersection of the i l th member and X l is reduced to a point in E j l ∩ X l . Hence, at each contact candidate l ∈ L aux ∪ L org , the contact condition can be written as
which is a linear complementarity condition.
It follows from Lemma 2.1, (4.7), and (4.8) that the equilibrium configuration of the cable network can be obtained as a solution to the following system:
Since both G and G * can be represented as the second-order cones, the system (4.9)-(4.12) can also be embedded into (2.5). In a manner similar to that in section 3, we can show that (4.9)-(4.12) coincide with the KKT conditions of the following primal-dual pair of SOCP problems:
(4.14)
Note that (4.13) is independent of both the stress states and contact states of cable members. Moreover, (4.13) and (4.14) are embedded into the dual and primal standard forms of SOCP problems (2.4) and (2.3), respectively, which can be solved easily by using the primal-dual interior-point method [7] .
Numerical examples.
In order to obtain the equilibrium configurations of cable networks, the presented SOCP problems are transformed into the pair of standard forms (2.3) and (2.4) and are solved by using SeDuMi [39] , which implements the self-dual embedding technique for optimization over self-dual homogeneous cones and operates under the MATLAB environment. Computation has been carried out on a Pentium III (844MHz with 256MB memory) with MATLAB Version 6.5 [26] and SeDuMi Version 1.05. In the following examples, the elastic modulus and the cross-sectional area, respectively, are specified as E = 205.8 GPa and A j = 10 −2 cm 2 for each cable, and the elongation stiffness is computed as k j = EA j / 0 j . 5.1. Two-body contact problems of cable networks. Equilibrium configurations are found for two cable networks with 10 × 10 and 12 × 12 grids, which are referred to as Models (I) and (II), respectively. Each cable network projected to the horizontal plane makes a grid with 1 m × 1 m squares. The (x, y)-axes are defined along the grid, and the origin is set at the center of each cable network. Then the z-coordinates of the nodes are given as z = (x 2 − y 2 )/(4α), where α = 11 and 13 (m), respectively, for Models (I) and (II). The nodes indicated by circles in Figure 7 (a) are supported. n d , n m , and n c of each model are listed in Table 1 . For each contact candidate ζ l (l ∈ L c ), there exist two auxiliary nodes. However, from the definition (3.4) of G, the constraint A l x ∈ G in Problem (3.11) implies that, for each pair of auxiliary nodes related to ζ l , the number of degrees of freedom becomes four. 
The self-equilibrium configurations with f = 0 are computed. Note that the self-equilibrium configurations are independent of k j . We assume T l = I (for all l ∈ L c ) in (3.1), where I ∈ R 3×3 denotes a unit matrix. We consider two problems for each model, which are referred to as contact-(a) and contact-(b), respectively. In the problem contact-(a), we suppose that all the cables parallel to the y-axis are above the cables parallel to the x-axis. In contrast, in the problem contact-(b), all the cables parallel to the x-axis are supposed to be above the cables parallel to the y-axis.
The primal-dual pair of problems (3.11) and (3.12) is solved in order to obtain the configurations, internal forces, and contact forces at the equilibrium state. For each model, m, n, K, CPU time in seconds, and number of iterations are listed in Table 1 . The equilibrium configurations of Model (II) are shown in Figure 7 . Note that all the pairs of contact candidate members are in contact state at a solution of contact-(a), whereas they are free at a solution of contact-(b). We see that the obtained configuration of contact-(a) is the same as the case where all the internal joints are frictionless in the direction of the cables, while all the cables of contact-(b) make straight lines. It can be observed from Table 1 that the CPU time does not increase drastically even if we incorporate the contact conditions as additional constraints.
5.2.
Signorini's problem of a cable. Consider a cable with one (original) frictionless joint and a fixed parabolic rigid obstacle H. We specify the initial unstressed length 0 j = 50.0 cm of the cable, and the two end points are fixed. H is approximated as a convex polyhedron, the surface of which consists of 18 planes as shown in Figure 8 , where the coordinates of the edges are listed in Table 2 for one of two symmetric parts. Thus, we have 18 auxiliary frictionless joints and one original frictionless joint, i.e., n d = 57, n m = 20, and n c = 1. The external force f is applied in the positive direction of the z-axis at the original frictionless joint. The equilibrium configuration without external force is as shown in Figure 9 (a), where the cable is in tension and contacts H at all the auxiliary joints. The pair of standard forms (2.3) and (2.4) with
20 is solved for various values of f , and the corresponding equilibrium configurations are as shown in Figure 9 (b)-(d). For various magnitudes of γ, the primal-dual pair of problems (4.13) and (4.14) is solved, where
47 × (L Figure 13 , where the width of each member is proportional to its axial force.
6. Proof of Lemma 2.1. Observe that the "only if" part of the lemma is immediately shown by substituting (2.7)-(2.9) and (2.12) into (2.11).
Next, we show the "if" part; i.e., suppose that (2.7) and (2.11) hold. The last inequality in (2.11) implies q j ≥ 0. On the other hand, from the first equality in (2.11), we have y j = q j /k j . Consequently, we obtain
The two situations such that y j + 0 j = i∈Ij h i and investigated. Assume
From (2.7) and (6.2), we see that
It is easy to see that (6.2) implies that
By substituting Schwarz's inequality −v i h i ≥ − v i h i into (6.4), we obtain (6.5) where the second inequality follows the fourth condition in (2.11). Observe that, as a consequence of (6.4), the second condition in (2.11) is satisfied if and only if q j h i − v i h i = 0 (i ∈ I j ). (6.6) If h i = 0, then it is easy to see that (2.9) is satisfied. On the other hand, if h i = 0 (i ∈ I j ), then it follows from the second inequality in (6.5) that (6.6) holds if and only if
is satisfied. By substituting (6.7) into (6.6), we have v i h i − v i h i = 0, which is reduced to (2.9). Moreover, (6.1) and (6.3) verify (2.12); from this and the first equality in (2.11) we obtain (2.8).
Alternatively, assume y j + 0 j > i∈Ij h i ; from this and (2.7), we see y j > c j . (6.8) Assume q j > 0 for contradiction. It follows from the last condition in (2.11) and Schwarz's inequality that
which contradicts the second condition in (2.11). Hence, q j = 0 holds; from this and (6.8) and the first equality in (2.11) we obtain the second expression of (2.12). It is also seen that (2.8) is satisfied. The last inequality in (2.11) and q j = 0 imply v i = 0 (i ∈ I j ), which verifies (2.9).
Concluding remarks.
In this paper, we have studied the contact problems of cable networks. These problems are characterized by the nonsmooth behaviors such that (i) some members of the cable network may possibly contact each other or the rigid obstacles at the equilibrium state and (ii) each member can transmit only tension force.
By introducing the concept of the auxiliary frictionless node, we define a contact candidate as a pair of two members of the cable network, or that of a member and an edge of the obstacle. Under some practically acceptable assumptions, we formulate the complementarity problems over second-order cones, which provides the configuration and contact forces at the equilibrium state. We show that the complementarity problem presented can be equivalently rewritten as a primal-dual pair of SOCP problems, which corresponds to the pair of minimization problems of total potential energy and complementary energy.
In the examples with various contact conditions, equilibrium configurations have been obtained by using the primal-dual interior-point method for SOCP. It has been shown in the examples that the computational cost of the proposed method does not increase drastically even if we incorporate the contact conditions as additional constraints. Although the proposed method requires the assumption that the candidate nodes should exist in some regions at the equilibrium state, it does not require any assumption on either contact conditions or stress states of cable members.
In addition to these advantages, the proposed SOCP problem can be solved efficiently by using well-developed software based on primal-dual interior-point methods. Therefore, our task is only to input the geometrical and material properties of cable networks, and no effort is required to develop any analysis software. Since the primal-dual interior-point methods solve both the primal and dual SOCP problems simultaneously, we can obtain the equilibrium configurations, cable elongation, internal forces, and contact forces simultaneously.
